Phosphatidylethanolamine is the predominant phospholipid of the mitochondrial inner membrane. In Arabidopsis, pect1-4 mutants exhibit reduced cellular phosphatidylethanolamine levels owing to reduced CTP:phosphorylethanolamine cytidylyltransferase (PECT; EC 2.7.7.14) activity. Consequently, pect1-4 mutants may have decreased mitochondrial phosphatidylethanolamine levels, thereby affecting respiration capacity. Wild-type and pect1-4 plants grew similarly under a short-day condition until 5 weeks, when pect1-4 leaves had slightly less Chl. Total respiration was comparable between wild-type and pect1-4 leaves at 3 weeks and then increased 2-fold in the wild-type but only 1.1-fold in pect1-4 leaves. Compared with the wild type, the Cyt oxidase pathway capacity was reduced by 36% in pect1-4 leaves at 5 weeks and by 43% in pect1-4 mitochondria in 5-week-old rosette leaves. Maximal Cyt c oxidase (COX) activity was 20% lower in pect1-4 mitochondria than in wild-type mitochondria at 5 weeks despite comparable COX II protein levels in mitochondria at that time. Furthermore, COX II protein levels doubled in both wild-type and pect1-4 mitochondria between 3 and 5 weeks. Phosphatidylethanolamine levels were similar between mitochondria from these plants at 3 weeks and then increased by 6.4% in wild-type mitochondria and decreased by 6.5% in pect1-4 mitochondria by 5 weeks. Phosphatidylcholine levels compensated for the decreases in phosphatidylethanolamine levels. COX activity was lower in pect1-4 mitochondria at 5 weeks, most probably due to reduced phosphatidylethanolamine levels and/or an altered phosphatidylethanolamine:phosphatidylcholine ratio. Thus, PECT1 regulates mitochondrial phosphatidylethanolamine levels, which are important for maintaining respiration capacity in Arabidopsis leaves during prolonged growth under short-day conditions.
Introduction
Plant mitochondria play a central role in respiration and biosynthesis of many essential biomolecules (Millar et al. 2008) . Mitochondria also play important roles in cellular redox regulation and signaling (Rhoads and Subbaiah 2007, Suzuki et al. 2012) . However, comprehensive understanding of mitochondrial functions in growth and cellular homeostasis requires further studies.
Phospholipids are important for the structure and function of mitochondria (Douce 1985) . Mitochondrial membranes contain two major phospholipids, phosphatidylethanolamine (PE) and phosphatidylcholine (PC), and three minor acidic lipids, cardiolipin (CL), phosphatidylglycerol (PG) and phosphatidylinositol (PI). In addition, phosphatidylserine (PS) may be present at very low levels, because mitochondria appear to contain PS decarboxylase that rapidly converts PS to PE (Rontein et al. 2003 , Nerlich et al. 2007 ). In many plant species, mitochondria have been reported to adjust their respiration capacity at low temperature by increasing the levels of unsaturated phospholipids (Talts et al. 2004 , Armstrong et al. 2008 . Genetic evidence using Arabidopsis fad2 mutants that are defective in Á12-oleate desaturase demonstrates that membrane lipid unsaturation is important for maintaining the proton gradient across the inner membrane at low temperature (Matos et al. 2007 ). On the other hand, the role of each phospholipid in the maintenance of mitochondrial function remains to be elucidated.
PE, a non-bilayer-forming lipid in extraplastidial membranes (Block et al. 1983) , is enriched in mitochondrial membranes (Douce et al. 1973) . In Arabidopsis, mitochondria appear to import PE from the endoplasmic reticulum, where PE is assembled from diacylglycerol and CDP-ethanolamine by aminoalcoholphosphotransferase (EC 2.7.8.1 and EC 2.7.8.2). On the other hand, CTP:phosphorylethanolamine cytidylyltransferase (PECT1) synthesizes CDP-ethanolamine and regulates PE biosynthesis in the endoplasmic reticulum in association with the mitochondrial outer membrane (Heazlewood et al. 2004 , Mizoi et al. 2006 .
We have isolated several pect1 mutant alleles to understand the physiological functions of PE in Arabidopsis (Mizoi et al. 2006) . The null allele pect1-6 causes embryonic lethality, demonstrating that the CDP-ethanolamine pathway is essential for PE biosynthesis in this plant. However, studies with mild mutants can be used for further analysis of PE functions. pect1-4 exhibits 26% of wild-type PECT activity and causes pleiotropic phenotypes, such as a delay in embryo development, partial inhibition of anther development, and moderate growth inhibition of seedlings at 23 C and severe inhibition at 8 C (Mizoi et al. 2006) .
Plants have two pathways for mitochondrial electron transport, namely the Cyt oxidase pathway (COP) and the alternative oxidase pathway (AOP). Electron flow through the COP is coupled to ATP production, and its key enzyme, Cyt c oxidase (COX), is sensitive to KCN. Electron flow through the AOP is not coupled to ATP production, and its key enzyme, alternative oxidase, is sensitive to salicylhydroxamate (SHAM) (Day et al. 1980) .
In this study, we examined the effects of pect1-4 on the lipid composition and respiration capacity of mitochondria as well as on the respiration capacity of rosette leaves. We found that pect1-4 leaves are unable to increase mitochondrial PE levels and COP respiration capacity in coordination with an increase in COX protein levels accompanied by rosette leaf development. We thus conclude that PECT1 is important for maintaining mitochondrial PE levels, which are important for maintaining respiration capacity in Arabidopsis leaves during prolonged growth under short-day conditions.
Results
Growth of wild-type and pect1-4 rosettes under short-day conditions Before measuring the respiration capacity of detached rosette leaves, we compared the growth profiles of wild-type and pect1-4 plants grown at 23 C/18 C for up to 7 weeks under an 8 h/16 h light/dark cycle. Under these conditions, both wild-type and pect1-4 rosette plants grew similarly, with no visible symptoms of stress until 5 weeks ( Supplementary Fig.  S1A ), but the latter plants showed leaf yellowing at 7 weeks ( Supplementary Fig. S2 ). The Chl content was comparable in wild-type and pect1-4 leaves at 3 weeks but was significantly lower in pect1-4 leaves than in wild-type leaves at 5 weeks (Fig. 1) . These results suggested that pect1-4 rosettes senesce earlier than wild-type rosettes after prolonged (>5 weeks) growth under our conditions.
The total respiration (TR) capacity changes with the growth of rosette plants
The TR capacity of detached rosette leaves was measured using a Clark-type oxygen electrode. The respiration capacities for TR, COP and AOP refer to uninhibited respiration, KCN-sensitive respiration and SHAM-sensitive respiration, respectively, as defined by Wagner and Krab (1995) . After 2 weeks of growth, wild-type rosettes exhibited an average TR rate of 193.8 ± 7.7 nmol O 2 min À1 mg FW
À1
. However, the TR rates transiently decreased by 41% at 3 weeks and increased afterwards 2-fold by 5 weeks (Fig. 2 , Total, blue line). These results demonstrated that the TR capacity is differentially regulated with the growth of rosette plants under our growth conditions. TR capacity is lower in pect1-4 rosette plants After 2 weeks of growth, pect1-4 rosettes exhibited an average TR rate of 172.8 ± 3.7 nmol O 2 min À1 mg FW
, and this value did not differ significantly from that of wild-type leaves (Fig. 2 , Total, red line). The TR rates of pect1-4 rosettes became comparable with those of wild-type rosettes at 3 weeks but increased only 1.1-fold by 5 weeks, resulting in a 41% relative decrease at 5 weeks. These results demonstrated that the TR capacity is lower in pect1-4 rosettes compared with that in the wild type at growth stages later than 3 weeks. The Chl content (Chl a and Chl b) in rosette leaves was measured at 3 and 5 weeks. Bars indicate the mean ± SD (n = 9-10). *P < 0.01, comparing the mutant with the wild type using Tukey's multiple comparison test.
COP respiration capacity is lower in pect1-4 leaves
The COP and AOP respiration capacities were measured using wild-type and pect1-4 plants grown for 2-5 weeks in the presence of 15 mM SHAM (for COP) and 2 mM KCN (for AOP).
COP respiration rates were lower in pect1-4 leaves than in wildtype leaves at all growth stages except 3 weeks (Fig. 2, COP) . In contrast, AOP respiration rates were indistinguishable in wild-type and pect1-4 leaves at all growth stages (Fig. 2,  AOP) . These results suggested that the reduced TR capacity of pect1-4 leaves is attributable to down-regulation of COP capacity. Both TR and COP capacities were restored in transgenic pect1-4 plants expressing genomic PECT1 (Fig. 2,  transPECT1 , green line). These results demonstrated that pect1-4 is responsible for the observed lower leaf respiration capacity.
COP respiration capacity is also lower in pect1-4 mitochondria
Because leaf TR capacity differed most significantly at 5 weeks between wild-type and pect1-4 rosettes, we compared the respiration capacity of mitochondria isolated from 5-week-old plants according to Keech et al. (2005) (Supplementary Fig.  S1B ). The integrity of the outer membrane of isolated mitochondria was approximately 92% as estimated by the latency of COX ( Table 1 ). The purity of isolated mitochondria was comparable with that of the original method as estimated by the co-purified activity of peroxisomal hydroxypyruvate reductase (HPR) and cytosolic phosphoenolpyruvate carboxylase (PEPC) ( Table 1) . Protein profiles were indistinguishable between wild-type and pect1-4 mitochondria ( Supplementary  Fig. S1C ). Fig. 3 shows the TR of mitochondria isolated from wild-type plants (206.6 ± 13.9 nmol O 2 min À1 mg protein À1 ) and pect1-4 plants (144.5 ± 8.0 nmol O 2 min À1 mg protein
À1
) at 5 weeks, demonstrating a 30% decrease in TR capacity in pect1-4 mitochondria (P < 0.01). In the presence of 2 mM SHAM, wild-type and pect1-4 mitochondria exhibited average COP respiration rates of 129.0 ± 21.4 and 73.8 ± 9.6 nmol O 2 min À1 mg protein À1 , respectively, demonstrating a 43% decrease in COP respiration capacity in pect1-4 mitochondria (P < 0.01).
COX activity but not COX II protein level is lower in pect1-4 mitochondria
Because pect1-4 mitochondria showed a lower COP respiration capacity compared with wild-type mitochondria, we examined Cyt c oxidase subunit II (COX II) protein levels ( Fig. 4A) and maximum COX activity ( Fig. 4B ) in mitochondria purified from 5-week-old plants. The maximum COX activity in pect1-4 Fig. 2 Respiration capacity in wild-type (WT), pect1-4 and pect1-4 transPECT1 rosette plants grown for 2-5 weeks. The TR capacity was measured at 25 C in the absence of any inhibitor, whereas COP and AOP respiration capacities were measured in the presence of 15 mM SHAM and 2 mM KCN, respectively. Bars indicate the mean ± SD (n = 3-10). *P < 0.01, **P < 0.05, comparing the mutant with the wild type using Tukey's multiple comparison test. mitochondria was 20% lower than that in wild-type mitochondria ( Fig. 4B , P < 0.01), whereas COX II protein levels were comparable in wild-type and pect1-4 mitochondria (Fig. 4A) . Furthermore, COX II protein levels increased 2-fold in both wild-type and pect1-4 mitochondria from 3 to 5 weeks (Fig. 4A) . These results suggested that pect1-4 did not affect COX expression, at least between 3 and 5 weeks, but did affect COX activity in plants grown for longer than 3 weeks under our growth conditions.
pect1-4 has a lower PE level in mitochondria isolated from 5-week-old plants
We previously reported that pect1-4 shows decreased PE levels in various tissues (Mizoi et al. 2006) . We therefore examined whether pect1-4 affects the PE level in mitochondria (Fig. 5A) .
In mitochondria isolated from 5-week-old plants, no significant difference was found in the total amount of lipid per milligram of mitochondrial protein between the wild type (0.87 ± 0.25 mg Glycerolipid composition in mitochondria purified from wildtype (WT) and pect1-4 rosettes. Total lipid was extracted from mitochondria. PE, PC, CL, PI and PG were separated with thin-layer chromatography and quantified by gas chromatography. (A) Lipid composition in mitochondria isolated from 5-week-old plants.
(B) Comparison of PE, PC and CL levels in mitochondria between 3 and 5 weeks. *P < 0.01, **P < 0.05, comparing the mutant with the wild type using Tukey's multiple comparison test. Respiration capacity in mitochondria isolated from wild-type (WT) and pect1-4 plants. TR and the COP and AOP respiration capacities were measured using purified mitochondria. Bars indicate the mean ± SD (n = 3-4). *P < 0.01, comparing the mutant with the wild type using Tukey's multiple comparison test.
lipid mg protein À1 ) and pect1-4 mutant (0.91 ± 0.39 mg lipid mg protein À1 ). In wild-type mitochondria isolated from 5-week-old plants, PE and PC constituted 46.9 ± 4.1% and 33.9 ± 3.6% of the total phospholipids, respectively. CL, PI and PG accounted for 11.7 ± 0.7, 4.6 ± 1.5 and 2.8 ± 1.7%, respectively. In pect1-4 mitochondria isolated from 5-week-old plants, PE levels were lower than those in the wild type by 24%, accounting for 35.7 ± 2.2% of the total phospholipids; PC levels were higher than those in the wild type by 26%, accounting for 42.8 ± 0.5% of the total phospholipids. CL, PG and PI levels were comparable with those found in wild-type mitochondria. However, no significant difference was seen in major phospholipid compositions between wild-type and pect1-4 mitochondria isolated from 3-week-old plants (Fig. 5B) . These results demonstrated that pect1-4 is unable to maintain mitochondrial PE levels as in the wild type when grown for longer than 3 weeks under our growth conditions.
Discussion
In wild-type rosette plants grown under our short-day conditions, we showed that the leaf TR decreased transiently at 3 weeks but increased afterwards. Arabidopsis plants continuously develop new rosette leaves under short-day conditions, whereas the onset of bolting at around 3 weeks inhibits new rosette leaf development under long-day conditions (Mozley and Thomas 1995) . Thus, the increase in leaf respiration capacity after 3 weeks under short-day conditions apparently correlates with extensive vegetative growth of the wild type after 3 weeks. We showed that pect1-4 plants maintain a respiration capacity that is similar to that in wild-type plants until 3 weeks. However, pect1-4 plants are unable to maintain both TR and the COP respiration capacity to the extent found in the wild type until 5 weeks. We noted that pect1-4 rosette plants showed slightly reduced leaf Chl levels at 5 weeks and showed leaf yellowing beginning at 7 weeks. Thus, maintenance of the leaf respiration capacity after 5 weeks could be important for the longevity of rosette leaves under our growth conditions.
Mitochondria are thought to have evolved from a symbiont similar to the extant a-proteobacteria such as Salmonella typhimurium and Escherichia coli (Yang et al. 1985 , Gray et al. 1999 . In these bacteria, PE constitutes 69-78% of the total phospholipids in the plasma membrane (Ames 1968) . On the other hand, mitochondria from eukaryotes contain PE and PC as the major phospholipids, the sum of which constitutes approximately 78% of the phospholipids in plant mitochondria (Douce 1985) . In E. coli, pss mutants that lack a functional enzyme for PS synthase show extremely low PE levels (0.007% of the total phospholipids) because PE is solely synthesized from PS by PS decarboxylase (DeChavigny et al. 1991) . pss mutants are only viable in the presence of divalent cations, which are thought to form a complex with CL and transform this acidic lipid into a non-bilayer-forming lipid (DeChavigny et al. 1991) . pss mutants have normal ability to oxidize succinate and lactate, hydrolyze ATP and generate H + gradients. However, these mutants have reduced capacity to oxidize NADH owing to a lower rate of electron transfer from the site of NADH oxidation to terminal oxidases. Thus, PE is dispensable for cellular respiration but has specific roles in electron transfer associated with NADH oxidation (Mileykovskaya and Dowhan 1993) .
In mice, psd mutants with defects in mitochondrial PE synthesis show embryonic lethality and abnormal mitochondrial morphology (Steenbergen et al. 2005) . PE is required for COX dimer formation in bovine heart mitochondria (Michel et al. 1998 , Shinzawa-Itoh et al. 2007 ). In yeast, mitochondrial PE is synthesized by mitochondrial PS decarboxylase 1 ; recently, Böttinger et al. (2012) reported that psd1 mutants display an approximately 90% decrease in PE in mitochondrial inner membrane vesicles and approximately 50% decrease in both O 2 consumption and COX activity compared with the wild type. Böttinger et al. (2012) also reported that yeast psd1 mutants have a decreased membrane potential and hence decreased protein import activity across the inner membrane, which correlates with a slight decrease in COX protein level. In rainbow trout, PE and PC levels in heart mitochondria increase with age during the first 4 years of life, a period characterized by rapid growth and sustained high metabolic rate (AlmaidaPagán et al. 2012) . In our present study, we showed that COX activity is reduced in pect1-4 mitochondria from 5-week-old plants, whose mitochondria contain lower PE levels and higher PC levels than wild-type mitochondria. These results provide additional evidence for the hypothesis that mitochondrial PE levels are important for COX activity in higher eukaryotes.
We showed that wild-type plants have an increased leaf TR capacity between 3 and 5 weeks, which is due to an increased mitochondrial COP capacity that is attributable to a higher COX II protein level. In contrast, pect1-4 plants are unable to increase their leaf TR capacity as much as the wild type between 3 and 5 weeks, which is due to a relatively lower mitochondrial COP capacity after 3 weeks. Because the COX II protein level was found to be similar between wild-type and pect1-4 mitochondria, a reduction in COP capacity in pect1-4 mitochondria is probably primarily due to the relative reduction in COX activity. At 3 weeks, wild-type and pect1-4 mitochondria had similar PE levels, accounting for 45-46% of the major phospholipids (PE, PC and CL; Fig. 5B ). Then, PE levels increased in wildtype mitochondria (from 44% at 3 weeks to 51% at 5 weeks relative to the sum of PE, PC and CL), whereas PE levels decreased in pect1-4 mitochondria (from 46% at 3 weeks to 39% at 5 weeks relative to the sum of PE, PC and CL). Changes in PC levels compensated for these PE changes. Because no significant difference was found in the compositions of major unsaturated fatty acids between wild-type and pect1-4 mitochondria ( Supplementary Fig. S3 ), our results suggest that the relative reduction in maximum COX activity at 5 weeks may be primarily attributable to the decrease in PE level and/or decreased PE:PC ratios in pect1-4 mitochondria. However, the maximum COX activity was 20% lower in pect1-4 mitochondria compared with wild-type mitochondria, resulting in a 41% reduction in COP capacity in pect1-4 mitochondria. Thus, a decreased PE level (and/or decreased PE:PC ratios) may have additional negative effects elsewhere along the respiration chain of COP. In this context, using a single respiration substrate for measuring mitochondrial respiration capacity will be important; in this study, we used mixed respiration substrates to maximize respiration capacity for ease of comparison between mutants and the wild type.
In summary, we showed that the leaf respiration capacity increases with the growth of rosette plants under short-day conditions, and this increased capacity may be required for a sustained high metabolic rate in rosette leaves under short-day conditions. We also showed that PECT1 regulates the mitochondrial PE level, which is important for the maintenance of maximal COX activity and hence COP capacity. How COX activity is affected by a change in mitochondrial PE level in Arabidopsis thaliana remains unclear.
Materials and methods

Plant materials, growth conditions and Chl determination
Wild-type A. thaliana (ecotype Columbia) seeds were obtained from Lehle Seeds (http://www.arabidopsis.com/). Wild-type and pect1-4 seeds (Mizoi et al. 2006) were sown on peat sheets (Sakata Seed), irrigated with water and vernalized at 4 C for 2 d in the dark. After seeds germinated, plants were grown in a climate chamber for 2-7 weeks at day/night temperatures of 23 C/18 C under a day/night light regimen with an 8 h photoperiod at a photon flux density of 75 mmol m À2 s
À1
. The Chl content in wild-type and pect1-4 rosette leaves was determined according to Porra et al. (1989) .
Preparation of A. thaliana mitochondria from rosette leaves
Purified mitochondria were prepared according to Keech et al. (2005) (Supplementary Fig. 1B) . Briefly, rosette leaves (10-12 g) were ground with a mortar and pestle, together with 0.5 g of quartz (Merck KGaA) and 15 ml of grinding buffer consisting of 0.3 M sucrose, 60 mM TES (pH 8.0), 10 mM KH 2 PO 4 , 25 mM tetrasodium pyrophosphate, 50 mM sodium ascorbate, 20 mM cysteine, 2 mM EDTA, 1 mM glycine, 1% polyvinylpyrrolidone-40 and 1% defatted bovine serum albumin (BSA). Tissue homogenates were filtered through a nylon mesh (mesh size, 20 mm; Kyoshin Rikoh Inc.) together with a rinse with 20 ml of fresh grinding buffer. The resultant filtrate (designated homogenate) was centrifuged at 2,500Âg for 5 min at 4 C to remove thylakoid membranes and then at 15,000Âg for 15 min at 4 C to recover the crude mitochondrial pellet. The pellet was then resuspended in 0.5 ml of suspension buffer (pH 7.5) consisting of 0.3 M sucrose, 10 mM TES and 10 mM KH 2 PO 4 , using a chilled 5 ml glass homogenizer and a Teflon pestle. For purification of mitochondria, a Percoll gradient (6 ml each) was made in 10 ml centrifugation tubes (13PET TUBE ASSY, HITACHI Koki Co.) by centrifugation of a solution (pH 7.5) containing 50% (v/v) Percoll, 300 mM sucrose, 10 mM TES, 1 mM EDTA, 10 mM KH 2 PO 4 and 1 mM glycine at 39,000Âg for 40 min at 4 C. Then, 0.5-0.7 ml of each suspension of crude mitochondria was laid over the top of the Percoll gradient. After centrifugation at 15,000Âg for 15 min at 4 C, mitochondria that formed a whitish band close to the tube bottom were recovered, diluted 20-fold with suspension buffer and centrifuged again at 15,000Âg for 20 min at 4 C. The pellet was resuspended in 0.2-0.5 ml of suspension buffer (1.5-7.5 mg protein ml À1 ). The protein content was determined according to Bradford (1976) using g-globulin as a standard.
Integrity and purity of isolated mitochondria
Mitochondrial integrity was determined as described by Neuburger et al. (1982) by evaluating the latency of COX activity. The purity of mitochondria was estimated as described by Keech et al. (2005) . Briefly, peroxisomal HPR activity was measured according to Winter et al. (1982) by measuring the decrease in absorbance at 340 nm (reduction of NAD + ) in 1 ml of assay medium. Cytosolic PEPC activity was measured according to Gardeström and Edwards (1983) by measuring the increase in absorbance at 340 nm (oxidation of NADH) owing to a coupled reaction with malate dehydrogenase.
Measurement of leaf respiration capacity
Leaf respiration capacity was measured according to Hachiya et al. (2010) . Rosette leaves (50-80 mg FW) were sandwiched between nylon netting and inserted in a Clark-type oxygen electrode (6 ml chamber volume; Rank Brothers) containing 4 ml of assay buffer comprised of 50 mM HEPES (pH 6.6), 10 mM MES and 0.2 mM CaCl 2 . TR capacity was defined as an O 2 consumption rate in the dark in the absence of any inhibitor. COP capacity was defined as an O 2 consumption rate in the dark in the presence of 15 mM SHAM (1 M stock in dimethylsulfoxide) that was sensitive to 2 mM KCN (1 M stock in assay buffer). AOP capacity was defined as an O 2 consumption rate in the dark in the presence of 2 mM KCN that was sensitive to 15 mM SHAM. The O 2 concentration in air-saturated water at 25 C was assumed to be 253 mM (Truesdale and Downing 1954) , and the null oxygen concentration was adjusted by adding Na 2 S 2 O 4 .
Measurement of mitochondrial respiration capacity
Mitochondrial respiration capacity was measured according to Robson and Vanlerberghe (2002) . Immediately after mitochondria were isolated, O 2 consumption in the dark was measured in a Clark-type oxygen electrode (1 ml chamber volume; Rank Brothers) in 0.4 ml of reaction medium containing 10 mM TES (pH 7.5), 300 mM sucrose, 5 mM KH 2 PO 4 , 2 mM MgSO 4 , 0.1% (w/v) BSA and 0.1 mM each NAD, NADP, ATP and thiamine pyrophosphate. To initiate the measurement, 44 ml of a substrate mixture was added to make final concentrations of the following substrates: 2 mM ADP, 2 mM NADH, 10 mM each succinate, malate and glutamate, 1 mM pyruvate and 10 mM dithiothreitol (Vanlerberghe et al. 1998, Robson and Vanlerberghe 2002) . Approximately 0.15-0.25 mg of mitochondrial protein per ml was used in each measurement. COP and AOP capacities were measured in the presence of 2 mM SHAM (sensitive to KCN) or 1 mM KCN, respectively. Stock solutions of pyruvate, NADH and dithiothreitol were freshly made before use, and other chemicals were stored frozen at À80 C.
SDS-PAGE of mitochondrial proteins
SDS-PAGE was performed according to Laemmli (1970) . Mitochondrial proteins (20 mg) were loaded in each lane of a 12.5% (w/v) polyacrylamide gel. After electrophoresis, the gel was stained with a silver staining kit (2D-SILVER STAIN II, DAIICHI).
Immunoblot analysis
Mitochondria equivalent to 20 mg of protein were suspended in sample buffer containing 50 mM Tris-HCl (pH 6.8), 2 mM EDTA, 1% SDS, 0.05% bromophenol blue and 0.1 M dithiothreitol. Proteins were separated with SDS-PAGE on a 12.5% (w/v) polyacrylamide gel and electroblotted onto a polyvinylidene difluoride membrane (Immobilon, Millipore) at 60 V for 30 min using a Trans-Blot Wet Electrophoretic Transfer Cell (SYSTEM INSTRUMENTS Co., Ltd.) and blotting buffer containing 25 mM Tris/192 mM glycine (pH 8.3) and 20% (v/v) methanol. Protein bands were detected immunochemically using a Can Get Signal System (TOYOBO) and 2% ECL Advance Blocking reagent (GE Healthcare). Rabbit polyclonal anti-COX II (Agricera) was diluted 1 : 100,000. Goat anti-rabbit IgG (H+L) horseradish peroxidase conjugate (Bio-Rad Laboratories; diluted 1 : 200,000) was used as the secondary antibody. Protein bands were detected with a chemiluminescence detection kit (GE Healthcare). Membranes were exposed to X-ray film (FUJIFILM Corporation) and visualized using Fuji Medical Film Processor FPM100 (FUJIFILM Corporation).
Measurement of COX activity
COX activity was measured at 25 C according to Noguchi et al. (2005) . Each reaction (800 ml) contained 10 mM TES (pH 7.5), 300 mM sucrose, 10 mM NaCl, 5 mM KH 2 PO 4 , 2 mM MgSO 4 and 0.1% (w/v) BSA. The reaction was initiated by adding 20 ml of purified mitochondria (20 mg of protein), 10 mM sodium ascorbate, 25 mM reduced Cyt c and 0.05% (w/v) Triton X-100.
Analysis of mitochondrial lipids
Lipids were extracted from purified mitochondria (0.8-1.5 mg of protein) and quantified with a gas-liquid column chromatograph (Inatsugi et al. 2002) .
Statistical analysis
Statistical analysis was conducted using R version 2.12.1 (R Development Core Team 2010).
Supplementary data
Supplementary data are available at PCP online.
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